As a prelude to characterization of the host and treponemal antigens present in purified immune complexes from the sera of rabbits with disseminated syphilis, autoradiographic and immunoenzymatic analyses of solubilized extracts of Treponema pallidum, Treponema phagedenis biotype Reiter, and Treponema refringens were performed on electroblots of polypeptides first separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Electroblots of purified immune complexes were developed with the same panel of antisera so that protein profiles could be compared. Eight treponemal antigens were consistently present in isolated complexes; four of these cross-reacted with antisera prepared against avirulent treponemes. The average molecular weights of these antigens were 87,000, 76,000, 66,000, and 45,000. Antibodies dissociated from isolated immune complexes, when used for the development of T. pallidum electroblots, reacted with four antigens of comparable molecular weight. Antibodies to those polypeptides were also present in the sera of animals immunized with immune complexes. The demonstration of treponemal antigens in purified immune complexes convincingly argues that their occurrence in experimental syphilis is not merely due to tissue destruction and responses to endogenous host antigens.
Divergent studies (14, 41, 46, 47) have shown that patients with secondary syphilis have high levels of circulating immune complexes (IC). Additional studies, certain of which have demonstrated treponemal antigens and immunoglobulin G (IgG) in glomeruli, have suggested that IC play a role in the pathogenesis of the glomerulonephritis associated with congenital and secondary syphilis in humans (9, 11, 15, 16, 24, 29, 42, 43, 48) . Similarly, IC may contribute to the development of the skin lesions seen in secondary syphilis (19, 41) . Despite this considerable body of evidence, the relation of IC to treponemal antigens versus endogenous host antigens, perhaps resulting from tissue destruction, has not been clarified. Induction of anti-gamma globulins or autoantibodies or both not only could contribute to IC formation, but also would be consistent with the appearance of nontreponemal antibodies reactive in Venereal Disease Research Laboratory and RPR tests (32) .
These considerations regarding secondary syphilis led us to attempt to isolate soluble IC from the sera of rabbits with experimental, disseminated syphilis (the most comparable animal model; 8) and to determine whether treponemal antigens, in addition to specific serum proteins, were present. Results of that study (7) suggested that treponemal antigens were, indeed, constituents of materials isolated from IC-positive, but not IC-negative, sera. The present study describes our attempts to further characterize the specific treponemal antigens in those purified IC.
MATERIALS AND METHODS
Animals. Procurement, housing, quarantining, and serological testing of New Zealand white male rabbits used in the present study have been described previously (7) .
Soluble antigen suspensions. The methods used for the preparation of soluble Treponema pallidum suspensions and normal rabbit testicular extracts have also been described previously (7) . Suspensions of T. refringens and T. phagedenis, biotype Reiter, were prepared by cultivation in spirolate-brain heart infusion broth (BBL Microbiology Systems, Cockeysville, containing 15 mM sodium azide, 200 KIU of aprotinin (Trasylol; Bayer, city, West Germany) per ml, and 1 mM phenylmethylsulfonyl fluoride (Sigma Chemical Co., St. Louis, Mo.) and were stored at -70°C. For sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), treponemal suspensions were adjusted to contain 4 mg of protein per ml (10) and diluted 1:2 in Tris-hydrochloride reducing buffer: 0.05 M Tris, pH 6.8, 2% SDS, and 2% 2-mercaptoethanol containing 0.01% tracking dye (bromphenol blue). All samples were then boiled for 5 min.
Detection and purification of IC. Specific methods for the detection of IC in rabbit sera and for the isolation or purification of complex materials have been described previously (6) (7) (8) . Purified materials for SDS-PAGE were also adjusted to contain 4 mg of protein per ml, diluted 1:2 in reducing buffer as described above, and boiled for 5 min.
Sera, antisera, and adsorptions. The pools of NRS and immune (anti-T. pallidum) rabbit sera (IRS) were the same as those used in our previous study (7) . The IC-positive sera were obtained between weeks 3 and 7 post-intravenous (i.v.) infection with 4 x 107 T. pallidum and were considered positive if IC levels by both the Raji cell assay and the polyethylene glycol(PEG)-complement consumption assay (6, 23) were >3 standard deviations above the mean IC level of serum from 10 normal rabbits. Pools of IC-negative sera obtained 21 days, 28 days, or 3 months post-i.v. infection were also used for the development of electroblots or to prepare control materials.
Rabbit antisera against each of the avirulent treponemes were prepared by injecting rabbits intradermally at each of two nuchal sites with a total of 109 T. refringens or T. phagedenis, biotype Reiter, in 0.5 ml of PBS emulsified in 0.5 ml of complete Freund adjuvant (Difco Laboratories, Detroit, Mich.). Animals were reinjected with the same suspensions 7 and 14 days later, and sera were collected 7 days after the final injections.
Rabbit antisera against PEG-purified IC (7, 13) were also prepared. In our initial studies, 1,500-,ug protein quantities of PEG-precipitated IC from single ICpositive donors were emulsified in 3 ml of complete Freund adjuvant, and 0.5-ml portions of each preparation were injected into each of two nuchal sites; animals were reinjected 7 and 14 days later with the same preparations. Subsequently, we mixed 500 ,ug of PEG-purified IC protein in 1 ml of PBS with an equal volume of a 10% suspension of heat-killed, Formalinfixed Staphylococcus aureus Cowan I strain followed by incubation for 2 h at 4°C (36) . The coated staphylococcal suspension was washed three times in PBS and resuspended to a 10% suspension, which was used for immunization. One milliliter was injected in each of two intramuscular sites at weekly intervals with fresh preparations, using PEG-precipitated IC from the same IC-positive donors. With both procedures, sera were collected 7 days after the third injection. As the injection of rabbit IC into the same species was expected to lead to the production of anti-allotype and anti-idiotype antibodies (25, 30) , these sera were subjected to solid-phase immunoadsorbents before use in development of electroblots. A 10-ml amount of glutaraldehyde-treated agarose-acrylamide beads (AcA34; LKB Instruments, Orsay, France) was incubated with 30 (17) . After several washes with PBS, 10 ml of whole antisera against purified IC was mixed with the immunoadsorbents, and the suspensions were gently stirred for 1 h at room temperature and then poured into chromatographic columns. Columns were subsequently washed with 4 volumes of PBS to recover antitreponemal antibodies free of antiglobulin antibodies.
Portions of IRS and antisera against each of the avirulent organisms were adsorbed with either T. refringens or T. phagedenis, biotype Reiter, by mixing 1 ml of washed, packed, Formalin-killed treponemes with 3 ml of serum and incubating the mixtures at 37°C for 30 min with gentle agitation. Organisms were removed by centrifugation at 38,000 x g for 20 min at 4°C, and the entire procedure was repeated twice to assure adsorption.
Commercial goat antisera to rabbit fibronectin, C3, IgM (heavy-chain specific), IgG (light-and heavychain specific), albumin, immunoglobulins (M, G, and A), and serum proteins were obtained from Cappel Laboratories, Downingtown, Pa.
Dissociation of antibody from isolated IC. PEG precipitates at approximately 50-fold the original serum concentrations in 100 ,u1 of PBS were diluted with 900 ,u1 of glycine-HCl buffer, pH 2.8, at 4°C (13) . The acidic solution was filtered on Sephadex G-200; immunoglobulin peaks were pooled, concentrated on Amicon type B15 cells, and diluted in Tris-saline containing 3% gelatin and 1% Nonidet P-40 for development of specific electroblots described below.
SDS-PAGE. Isolated materials and solubilized treponemal preparations were subjected to discontinuous SDS-slab gel electrophoresis, using 3% stacking gels and separating gels of 7.5, 10, and 12.5% acrylamide (31) . Gels were fixed, stained with 0.1% Coomassie brilliant blue, and destained, and the molecular weights (MWs) of individual polypeptides were determined by comparing their relative electrophoretic mobilities (Rf) with those of standard proteins (Bio-Rad Laboratories, Richmond, Calif.) (45) : ferritin (220,000), phosphorylase B (92,500), bovine serum albumin (66,000), ovalbumin (45,000), carbonic anhydrase (31,000), soybean trypsin inhibitor (21,500), and lysozyme (14,400). Stained gels were also scanned with a Quick-Scan, Jr. thin-layer chromatographic densitometer (Beaumont, Tex.).
Electroblots. Resolved proteins from materials run on duplicate slab gels were electrophoretically transferred to nitrocellulose papers for further characterization of host proteins and treponemal antigens, using a modification of the method described by Towbin et al. (44) . Proteins were transferred at 190 mA for 3 h in a buffer consisting of 25 mM Tris-192 mM glycine-20% methanol. Sheets were cut into separate strips corresponding to individual lanes, and the efficacy of the transfer was assessed by staining one of the strips with amido black. Other strips were placed in 10 mM Trissaline, pH 7.5, containing 5% ovalbumin for 1 h at room temperature to block nonspecific protein binding sites. All subsequent steps were also at room temperature. Strips were then incubated with antiserum at dilutions of 1:20 and 1:100 in 15-ml volumes of Trissaline containing 3% gelatin and 1% Nonidet P-40 for Heights, Ill.) in 15 ml of Tris-saline with gelatin and Nonidet P-40, washed with several changes of Trissaline over a 2-h period to remove unbound label, rinsed in water, and air dried. The nitrocellulose papers were autoradiographed for various times (12 to 48 h), using Kodak NS5T or ARX film. After autoradiography, selected strips were taped to 1-mm-grid graph' paper and cut into 1-mm slices, and the radioactivity of each slice was determined in a Beckman gamma counter (18) . Additional strips, after electroblotting, were analyzed by using enzyme-linked probes in an azide-free system. After fixation of the strips for 1 h in 10 mM Tris-saline, pH 7.5 (saline containing 5% ovalbumin), they were rinsed and placed in 15-ml volumes of Tris-saline containing appropriate dilutions of peroxidase-labeled antibodies for 3 h; horseradish peroxidase (Sigma Chemical Co., St. Louis, Mo.) was coupled to various antisera by the method of Averameas (4) . Alternatively, strips were exposed to individual antisera at 1:100 for 12 h, followed by repeated washes and exposure to goat anti-rabbit IgG coupled to horseradish peroxidase for 2 h at a dilution of 1:500. After several washes, strips were developed with peroxidase staining substrate consisting of 100 ml of 10 mM Tris (pH 7.4), 250 ,ul of 10% O-dianizidine in methanol, and 66 ,u1 of 30% hydrogen peroxide. Brown bands were considered indicative of positive reactions. Strips were rinsed with water after staining, dried overnight between filter paper, and photographed.
Composite polypeptide profiles. In those instances in which data are presented in tabular form, interpretation or scoring of reactions as intense (+ + +), moderate (+ +), or weak (+) was based on interpretation of the following assays: enzyme-linked blots from different strength gels, using sera at dilutions of 1:20 and 1:100; counts per minute slice profiles, utilizing the "25I-labeled protein A probe after development of blots from different strength gels (again using sera at the same dilutions); and autoradiographic results of these probed blots, using film exposure times of 24 and 48 h. RESULTS SDS-PAGE and electroblot analysis of polypeptide profiles of solubiuized treponemal suspensions. Preparations of T. pallidum and each of the avirulent treponemes were subjected to SDS-PAGE analysis, using 7.5, 10, and 12.5% gels so that protein profiles could later be compared with those of isolated IC. Stained gel tracks of T. pallidum, such as the one in Fig. la , revealed a minimum of 32 distinct polypeptides; all five individual preparations of T. pallidum examined on various gels along with their respective electropherograms or densitometric tracings (data not shown) were similar. Profiles of the avirulent treponemes were equally complex and distinctly different from those of T. pallidum (Fig. lb) . These Fig. 3 . Altogether, the results of more than 200 gel tracks of T. pallidum in assays such as these were used to generate the composite polypeptide profiles in Table 1 To determine whether any treponemal antigens with common MWs were present in isolated IC, IRS was used to develop blots of T. phagedenis (Fig. 3d) or T. refringens. A second approach involved development of T. pallidum blots with antisera to T. refringens (Fig. 3e) Sa) . As expected, on the basis of presumptive immunoblot assays in our previous study (7), at least four of the bands seen in Coomassie blue-stained gels appeared to correspond to host proteins when other blots were developed with commercial antisera ( Fig. 6 . On blots from 7.5% gels, however, distinctions were possible with albumin and heavy IgM chains having average MWs of 68,000 and 72,000, respectively (data not shown). Separated proteins from ICnegative serum reacted specifically with antisera to rabbit serum proteins but not NRS or IRS (data not shown). Purified materials obtained from protein ASepharose CL-4B chromatography of PEG-precipitated complexes were relatively simple. A total of five bands were consistently present in stained gels (Fig. 4) . By using IRS and commercial goat anti-rabbit IgG (heavy and light chains) for development of electroblots, it was possible to identify all of the polypeptides. Autoradiographs and total counts per minute slice profiles, together with enzyme-linked assays on Western blots, revealed that the 51K and 23K proteins corresponded to the heavy and light chains of rabbit IgG. No reactions were detected when commercial antisera to either rabbit albumin or IgM were used at 1:20 or 1:100 dilutions for the development of other blots. The 76K, 66K, 62K, and 45K proteins were considered to be of possible treponemal origin as they reached with IRS ( Fig. Se) and with antisera to both of the avirulent organisms.
Specificity of antitreponemal antibodies in isolated IC. We reasoned that the significance of the above findings would be much greater if we could demonstrate that antibodies present in isolated IC were capable of reacting with solubilized preparations of treponemes. After acid treatment and fractionation filtration on Sephadex G-200 to dissociate PEG precipitates, the immunoglobulin peaks were pooled, concentrated on Amicon type B15 cells, and used in development of electroblots. Representative results obtained after immunoenzymatic development are shown in Fig. 6 . Intense reactions were seen with the 66K and 45K proteins of both T. pallidum and T. phagedenis, whereas weaker 5% PEG (lanes a, b, d , and f), chromatographed on DEAE-Affi-Gel Blue (c), and precipitated with PEG coupled with chromatography on protein ASepharose CL-4B (e) were electrophoresed on 10o gels, blotted, and then developed with 1:100 dilutions of the following sera for 12 h: (a) NRS; (b, c, and e) IRS; (d) anti-T. phagedenis, biotype Reiter; and (f) goat anti-rabbit IgG (light-and heavy-chain specific); they were then probed with 125I-labeled protein A.
Autoradiographs were exposed for 24 h. (25, 30) . To remove anti-immunoglobulin antibodies and simplify interpretation, sera were treated with immunoadsorbents (IgM and IgG coupled to glutaraldehyde-treated AcA34 beads). Representative enzyme-linked assays of two of these sera with T. pallidum blots are shown in Fig. 6c and d . The other four antisera gave comparable results, regardless of whether the isolated IC had been emulsified in complete Freund adjuvant or adsorbed onto staphylococcal cells for immunization. In all cases the most intense reactions were seen with the 76K material, although antibodies capable of reacting with the 66K and 45K materials were also consistently present. Antibodies to certain other proteins (87K, 38K, 22K, and 20K), although present in certain of these sera, were absent in others.
DISCUSSION
Identification and characterization of host and bacterial components in circulating IC appear to be especially important for understanding their pathogenetic significance in disease (26, 27) . Although considerable attention has been directed at establishing the presence of IC in patients with secondary syphilis (14, 41, 46, 47) and rabbits with disseminated T. pallidum infection (6, 8) , attempts to characterize the individual components of those IC have not been described. The intent of the present study was not to reevaluate the antigenic profile of T. pallidum described by other investigators (1-3, 5, 20, 21, 33) , but rather to identify molecules present in isolated IC based on their reactions with specific antitreponemal antibodies. Analysis by SDS-PAGE and electroblotting techniques revealed relatively constant protein mosaics of T. pallidum. Antibodies against at least 8 to 10 SDSstable determinants were identifiable in IRS and were also present in serum obtained immediately before, or concurrent with, the onset of the disseminated rash and macular-papular lesions. This finding is consistent with clinical and experimental observations that antibody responses are elicited early in infection.
At (12, 20-22, 33-35, 37-40) . In the absence of biosynthetic labeling of treponemal macromolecules, purification of individual antigens, the use of specific monoclonal or monospecific antisera to single components, and appropriate adsorption studies, one cannot be certain that designated polypeptides with similar Rf values in two divergent, complex preparations involve similar or common antigenic determinate sites.
Data presented in this paper suggest that a number of treponemal proteins are present in IC isolated from the sera of rabbits with disseminated syphilis. As many as eight proteins were characteristically present in materials isolated by both PEG precipitation and DEAE-Affi-Gel Blue chromatography from IC-positive, but not IC-negative, sera. Antigen-IgG complexes purified by PEG precipitation coupled with protein A-Sepharose chromatography contained polypeptides with average MWs of 76,000, 66,000, 62,000, and 45,000. Of even greater importance, antibody against five polypeptides (87K, 76K, 66K, 45K, and 20K) could effectively be dissociated from purified complexes without affecting their ability to react with separated antigens of T. pallidum in subsequent blots.
Obvious questions arise concerning the cellular location of the treponemal proteins present in circulating or deposited IC. It is not known whether outer or inner membrane proteins of T. pallidum are involved. The relation of these proteins to those of the avirulent treponemes or other antigenically related microorganisms needs to be clarified, as the present study suggests that major antigens in purified IC may be shared or common polypeptides. Finally, it has not yet been established that treponemal antigens are present in IC of patients with secondary syphilis, although preliminary data from our laboratory suggest that this is the case (Baughn and Musher, Abstr. Annu. Meet. Am. Soc. Microbiol. 1983, E36, p. 82). Whereas host serum proteins have frequently been identified in IC, bacterial antigen has only been found to be present in circulating complexes from an isolated case of bacterial endocarditis (27) . Interestingly, this too is a disease in which some of the peripheral manifestations are thought to be due to deposition of IC.
